Conformational change of a unique sequence in a fungal galectin from Agrocybe cylindracea controls glycan ligand-binding specificity  by Kuwabara, Naoyuki et al.
FEBS Letters 587 (2013) 3620–3625journal homepage: www.FEBSLetters .orgConformational change of a unique sequence in a fungal galectin
from Agrocybe cylindracea controls glycan ligand-binding speciﬁcity0014-5793/$36.00  2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.febslet.2013.08.046
Abbreviations: ACG, Agrocybe cylindracea galectin; A-tetra, GalNAca1–3(Fuca1-
2)Galb1–4GlcNAc; CRD, carbohydrate recognition domain; RMSD, root-mean-
square deviation; PEG, polyethylene glycol
⇑ Corresponding author. Fax: +81 29 879 6179.
E-mail address: ryuichi.kato@kek.jp (R. Kato).Naoyuki Kuwabara a, Dan Hu b, Hiroaki Tateno b, Hisayoshi Makyio a, Jun Hirabayashi b, Ryuichi Kato a,⇑
a Structural Biology Research Center, Photon Factory, Institute of Materials Structure Science, High Energy Accelerator Research Organization (KEK), 1-1 Oho, Tsukuba,
Ibaraki 305-0801, Japan
bResearch Center for Stem Cell Engineering, National Institute of Advanced Industrial Science and Technology (AIST), Central 4, 1-1-1 Umezono, Tsukuba, Ibaraki 305-8568, Japana r t i c l e i n f o
Article history:
Received 14 August 2013
Revised 28 August 2013
Accepted 28 August 2013
Available online 10 September 2013
Edited by Miguel De la Rosa
Keywords:
Galectin
Glycan
Saccharide
ACG
X-ray crystallography
Protein engineeringa b s t r a c t
A fungal galectin from Agrocybe cylindracea (ACG) exhibits broad binding speciﬁcity for b-galactose–
containing glycans. We determined the crystal structures of wild-type ACG and the N46A mutant,
with and without glycan ligands. From these structures and a saccharide-binding analysis of the
N46A mutant, we revealed that a conformational change of a unique insertion sequence containing
Asn46 provides two binding modes for ACG, and thereby confers broad binding speciﬁcity. We pro-
pose that the unique sequence provides these two distinct glycan-binding modes by an induced-ﬁt
mechanism.
Structured summary of protein interactions:
ACG and ACG bind by x-ray crystallography (View interaction)
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction ACG, a fungal galectin from Agrocybe cylindracea, recognizes aGalectins constitute an evolutionarily conserved family of
b-galactoside-binding proteins [1]. Members of the galectin family
are found in mammals, amphibians, ﬁsh, nematodes, sponges, and
some fungi [2]. Galectins carry out intra- and extra-cellular func-
tions through glycoconjugate-mediated recognition mediated by
a conserved carbohydrate recognition domain (CRD). The CRD con-
sists of 130 amino acids, which fold into a b-sandwich structure
comprising two anti-parallel b-sheets (the F-sheet and S-sheet),
with the concave surface of the S-sheet forming a groove to accom-
modate the glycan ligands. In addition to the basic b-galactose-
binding site, which is made up of about six residues shared bymost
members of the family, galectins also contain adjacent binding
sites that determine the ﬁne speciﬁcity of each galectin for longer
b-galactoside-containing glycans such as sialylated glycans, blood-
group antigens, poly-N-acetyllactosamine, and sulfated glycans [3].wide range of glycan epitopes; these include not only typical
structures such as Galb1–4GlcNAc (LacNAc) and Galb1–3GalNAc
(T antigen), but also many derivatives in which the C3 position of
the terminal b-galactose is substituted with Siaa2-3, Sulfo-3, or
GalNAca1-3 [4,5]. Recently, we assessed the importance of the b-
galactoside-binding amino-acid residues of ACG by substituting
ﬁve key residues with alanine [6]. Surprisingly, single amino-acid
substitution at Pro45 (P45A) or Asn46 (N46A) in ACG drastically
changed the speciﬁcity proﬁle: the mutant proteins acquired a
distinguishably increased binding afﬁnity for GalNAca1–3Galb-
containing glycans, but completely lost the wild-type protein’s
afﬁnity for other b-galactosides.
To elucidate the structural mechanisms underlying broad (or
speciﬁc) substrate recognition, we solved the crystal structures of
wild-type ACG and the N46A mutant in complex with lactose or
blood group A tetraose (A-tetra, GalNAca1–3(Fuca1-2)Galb1–4Glc-
NAc), and compared these structures with those of the ligand-free
forms. The cis conformation of Pro45 was observed in the lactose-
bound form, whereas the trans conformation was observed in the
ligand-free and A-tetra-bound forms, suggesting that cis–trans con-
version of Pro45 accompanying the conformational change of the
unique insertion sequence governs the induced-ﬁt mechanism that
is responsible for the broad speciﬁcity of ACG. In this study, we re-
vealed the structural basis by which substitutions of Pro45, Asn46,
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while preserving afﬁnity for GalNAca1–3Galb-containing glycans.
2. Materials and methods
2.1. Puriﬁcation and crystallization
Construction and puriﬁcation of wild-type and N46A-mutant
ACG, each fused with a FLAG tag at its N-terminus, were described
previously [6]. Blood group A antigen tetraose type 2 (A-tetra: Gal-
NAca1–3(Fuca1–2)Galb1–4GlcNAc) was purchased from Oligo-
Tech (ELICITYL, France). For crystallization, protein-containing
buffer was exchanged with 10 mM Tris–HCl, 150 mM NaCl (pH
7.5) by dialysis, followed by concentration up to 20 mg/ml protein.
Initial crystallization trials were performed using an automated
protein crystallization and monitoring system [7]. After screening,
ACG was crystallized by the hanging-drop vapor diffusion method
at 20 C in buffer containing 30% PEG 4000, 0.1 M Na citrate (pH
5.6), and 0.2 M ammonium acetate, with or without 5 mM lactose.
We could not obtain crystals of the ligand-free form of wild-type
ACG, even though the protein sample was subjected to several
rounds of dialysis before crystallization attempts. Lactose-bound
N46A-mutant crystal was also not obtained because of its low
afﬁnity for lactose. The N46A mutant in complex with A-tetra
was crystallized in 30% PEG 1500 and 5 mM A-tetra by the streak
seeding method using wild-type crystals as seeds.
2.2. Structure determination and reﬁnement
Crystals were cryo-protected by soaking them in reservoir solu-
tion supplemented with 2.5–5.0% ethylene glycol. After ﬂash cool-
ing, diffraction data were collected at 100 K using a CCD detector
(ADSC Quantum 270) on beamline AR-NE3A of the Photon Factory
at KEK (Tsukuba, Japan). The data were processed using the
HKL2000 software suite [8]. Phases were determined by the
molecular replacement method using chain A of 1WW7 (wild-type
ACG ligand-free form) as a search model [9]. Subsequent
crystallographic reﬁnements were conducted using the programs
COOT [10] and REFMAC5 [11]. The statistics of data collectionTable 1
Data collection and reﬁnement statistics.
Ligand Wild-type Wild-type
lactose A-tetra
Data collection statistics
Wavelength (Å) 1.0000 1.0000
Resolution range (Å)a 35.0–1.9 35.0–1.35
(1.97–1.90) (1.40–1.35
Space group P61 P65
Unit cell (Å) a = b = 125.4, c = 56.6 a = b = 102
Total reﬂections 452885 1068800
Unique reﬂections 40147 98506
Multiplicitya 11.3 (11.3) 10.8 (8.1)
Completeness (%)a 100.0 (99.8) 99.9 (99.9
<I/r I>a 9.0 (4.0) 33.2 (4.92
Reﬁnement statistics
Rwork (%) 17.3 14.0
Rfree (%) 19.6 15.7
Number of atoms 2626 3011
Macromolecules 2405 2504
Ligands 46 111
Water 175 396
Protein residues 320 318
RMS bond length (Å) 0.016 0.009
RMS bond angles () 1.89 1.20
Ramachandran favored (%) 94 98
Ramachandran outliers (%) 1.9 0.0
a Statistics for the highest-resolution shell are shown in parentheses.and reﬁnements are summarized in Table 1. RMSD and ligand-
recognition plots were prepared using lsqkab [12] and LIGPLOT+
[13], respectively.
3. Results and discussion
3.1. Overall structure
Four crystal structures (wild-type ACG with lactose, wild-type
ACG with A-tetra, N46A mutant with A-tetra, and ligand-free
N46A mutant) were determined by X-ray crystallography at reso-
lutions between 1.3 and 2.2 Å (Table 1). In these structures, each
asymmetric unit contains a ACG dimer, consistent with the fact
that ACG forms a dimer in solution [4]. Because the two protomers
of the dimer are almost identical to each other, we refer to chain A
of each crystal structure in the following discussion. The space
groups of these structures are hexagonal primitive, in contrast to
those of previously reported structures, which belonged to space
groups P212121 or P1 [5]. In this study, we crystallized ACG fused
to a FLAG-tag at the N-terminus and to a KLAAALE sequence from
the vector at the C-terminus. These additional sequences might af-
fect the crystal packing and change the space group. In spite of the
different space groups, overall our structures were similar to previ-
ously reported ones (Fig. 1A). The overall RMSD values between the
wild-type lactose complex and the previously reported structures
(PDB ID: 1WW6, lactose complex; PDB ID: 1WW7, ligand-free
form) are 0.3–0.5 Å. Thus, any differences in crystal packing be-
tween the structures do not appear to seriously distort the overall
structure of ACG.
Fig. 1B and C show Ca comparisons between our four structures
and the previously reported ones (PDB IDs: 1WW6 and 1WW7).
The RMSD between the wild-type A-tetra complex and other ACG
structures is 0.9 Å. Almost all of the structures are similar with
each other; however, a striking difference is observed in the unique
sequence (Ala40–Asn47) (Figs. 1B and C and 2). The RMSD values
of the unique sequence are higher than 2.0 Å. In addition, another
region (Ser141–Ser149), structurally adjacent to the unique se-
quence, also has a relatively high RMSD value. This comparison re-
vealed that the conformation of the Ala40–Asn47 region is changedN46A N46A
A-tetra ligand-free
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Fig. 1. Structural comparison between ACG/carbohydrate complexes. (A) Superim-
position of WT-lactose (chain A, blue), WT–A-tetra (chain A, red), N46A ligand-free
form (chain A, green), WT-lactose from 1WW6 (chain A, black), and WT ligand-free
form from 1WW7 (chain A, orange). Oligosaccharides are shown as stick models. (B)
The Ca RMSD plot of WT–A-tetra (red), N46A ligand-free form (green), WT-lactose
from 1WW6 (black), and WT ligand-free from 1WW7 (orange) against WT-lactose.
(C) The Ca RMSD plot of WT-lactose (blue), N46A ligand-free form (green), WT-
lactose from 1WW6 (black), and WT ligand-free form from 1WW7 (orange) against
WT–A-tetra.
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mation of the Ser141–Ser149 region.3.2. Lactose recognition by wild-type ACG
The ligand-recognition networks were elucidated by analysis of
the crystal structures of lactose- and A-tetra-bound ACG, and these
networks are summarized in Fig. 3. Excluding the unique sequence
described above (Ala40–Asn47), the residues that are involved in di-
rect contact with the saccharide are highly conserved between
galectins from animals to fungi (Fig. 2). The molecular mechanism
of lactose recognition by wild-type ACG is almost the same as that
of the previously reported structure (PDB ID: 1WW6), with the
exception of a newly identiﬁed interaction between Arg88 and the
O30 atomof lactose. This interactionmight be due to crystal packing.
In the lactose-bound form, the region from Ala40 to Asn46 faces the
ligand-binding site, and Pro45 and Asn46 interact with lactose via a
hydrophobic interactionandahydrogenbond, respectively (Fig. 3A–
C). In this form, Pro45 adopts a cis conformation.
In protein structures, the trans conformation of proline residue
is more common than the cis conformation [14]. The side chain of
Asn47, inside the protein, interacts with the main chains of Gly43,
Leu67, and Thr145 and the side chain of Gln68. This interaction, in
conjunction with the interaction between Pro45, Asn46, and lac-
tose, seems to stabilize the cis conformation of Pro45. To conﬁrm
that Asn47 contributes to lactose binding, we analyzed the gly-
can-binding afﬁnity of the N47A mutant (Fig. S1). The N47A mu-
tant had a speciﬁc saccharide-binding spectrum similar to those
of the P45A and N46Amutants, and the N46A/N47A double mutant
had a similar spectrum. These observations suggest that the effects
of the N46A and N47A mutations are equivalent. Thus, our struc-
tural and biochemical results reveal that Pro45, Asn46, and
Asn47 in the unique sequence are essential for lactose binding.
3.3. A-tetra recognition by wild-type ACG
To understand how ACG can bind not only lactose but also
A-tetra, we solved the structure of ACG in complex with A-tetra.
In the A-tetra-bound form of wild-type ACG, the residues that co-
ordinate with the ligand are mostly the same as those that contrib-
ute to lactose binding: the O3 atom of the GlcNAc moiety interacts
with Arg66 and Arg88 via hydrogen bonds; the galactose moiety
interacts with His62, Arg66, and Asn75; and the Ne atom of
Trp83 interacts with the O6 atom of GalNAc (Fig. 3D and E). These
residues are highly conserved (Fig. 2), and the recognition pattern
is identical to that of other galectin family members such as CGL2
[15]. The N-acetyl amino group of the GalNAcmoiety interacts with
a hydrophobic pocket composed of Asn47 (S3 strand), Ala49 (S3
strand), Asn140 (S2 strand), and Thr142 (S2 strand).
The most striking difference between the lactose-bound and
A-tetra-bound forms of wild-type ACG is that the unique sequence
region (Ala40–Asn47) is moved away from the ligand-binding site
in the A-tetra-bound form (Fig. 3C and F and Supplemental movie
1). As a result of this conformational change, Pro45 moves about
10 Å and adopts the trans conformation, and the proline ring is sur-
rounded by a hydrophobic pocket composed of Leu67, Leu147, and
Thr145 (Fig. 3F). Also due to this movement, Asn46 forms an inter-
action with the carbonyl group of Thr145 in the same protomer,
whereas Asn47 protrudes to the protein surface close to the li-
gand-binding site and does not engage in any interactions with
other residues (Fig. 3F). Thus, in this structure, Asn46 and Asn47
have lost their tight interactions with ligand.
The A-tetra binding-induced conformational change of the un-
ique sequence supplies a hydrophobic cavity that interacts with
the N-acetyl amino group of the GalNAc moiety. Wild-type ACG
has low afﬁnity for blood-type B antigen (Gala1–3(Fuca1-
2)Galb1–4GlcNAc), which differs from A-tetra (GalNAca1–
3(Fuca1-2)Galb1–4GlcNAc) only by its lack of a GalNAc moiety
[6]. Thus, the hydrophobic region might be generally important
Fig. 2. Sequence alignment of ACG with other prototype galectins. Structure-based sequence alignment of ACG with other prototype galectins, calculated by the program
MAFFT [26]. White letters on red ﬁelds represent identical amino-acid residues; red letters and boxed regions represent homologous residues within these galectins. The
residues highlighted in yellow show the unique sequences in the galectin family (see in the text). Arrows, Ts, and the coil symbol above the sequences represent secondary
structural elements (b-strand, turn, and a-helix, respectively) in the ACG WT-lactose structure, determined and drawn using the program ESPRIPT 2.2 [27]. The residues
interacting with lactose or A-tetra are indicated by blue or red dots, respectively. Eleven b-strands that form two antiparallel b-sheets (S and F sheets) are indicated as S1–5
and F0–5. The prototype galectins are AAL from Agrocybe aegerita (GU182937); CGL2 from Coprinopsis cinerea (AF130360); hGAL1, hGAL8 (X14829), hGAL7 (L07769), and
hGAL9 (Z49107) from Homo sapiens; and CG-16 (AY553270) from Gallus gallus. GenBank accession numbers are indicated in parentheses.
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as A-tetra. This kind of hydrophobic interaction with the GalNAc
moiety is also seen in the complex of human Galectin-9N-CRD
and Forssman pentasaccharide (GalNAca1–3GalNAcb1–3Gala1–
4Galb1–4Glc) [16]. In that structure, Ala46 and Thr137 engage in
a hydrophobic interaction with the N-acetyl amino group of Forss-
man pentasaccharide, and the double mutant in these residues
exhibited a signiﬁcantly decreased afﬁnity for Forssman pentasac-
charide. Taken together, these observations suggest that the hydro-
phobic interaction with the N-acetyl amino group of GalNAc and
the S2–3 strands might be shared throughout the galectin family.
3.4. Structure of the N46A mutant
In our previous report, we showed that the N46Amutant of ACG
lost b-Gal-binding activity but retained the ability to bind Gal-
NAca1–3Galb-containing glycans such as A-tetra [6]. To elucidate
the molecular mechanism underlying this speciﬁc ligand-binding
property of the N46A mutant, we determined the A-tetra-bound
and ligand-free structures of the N46A mutant and compared them
with the wild-type structure. The overall structure of N46A bound
to A-tetra was identical to that of wild-type ACG bound to A-tetra;
the RMSD value between them is less than 0.2 Å. On the other
hand, the Asn46 residue does not contribute to A-tetra binding
(Fig. 3D–F). This result agrees well with our previous observation
that the N46A mutant’s afﬁnity for A-tetra was similar to that of
the wild-type protein ([6] and Fig. S1).
3.5. Structural implications for broad ligand-binding speciﬁcity
The unique sequence region (Ala40–Asn46) is disordered in the
structure of the N46A ligand-free form (Figs. 1 and 4), suggestingthat this region ﬂuctuates in the absence of ligand. This ﬂexibility
was also seen in the wild-type ligand-free form [5]. Under the con-
ditions used to crystallize the wild-type ligand-free form, ammo-
nium sulfate was used as the precipitant, and a sulfate ion bound
at the ligand-binding site of three out of four molecules in each
asymmetrical unit. In those three molecules, sulfate ion-bound
Pro45 adopts the trans conformation, whereas Pro45 in the remain-
ing molecule adopts the cis conformation. This observation sug-
gests that the ﬂuctuation of the unique sequence is large enough
to accommodate both the cis and trans conformations of Pro45.
We propose that the ﬂexibility of the unique sequence governs
the induced-ﬁt mechanism responsible for the broad speciﬁcity
of ACG.
To date, many crystal structures of galectins bound to ligands
have been reported [2]. To our knowledge, no signiﬁcant conforma-
tional changeshavebeenobserved tooccur as a result of ligandbind-
ing in the reported galectin structures. In human galectin-9 and
galectin-1, chick galectin CG-16, and fungal galectin CGL2, water
molecules that mimic carbohydrate are found in the ligand-binding
cleft [15,17–19]. Because a large number ofwatermolecules are dis-
placed from the site and presumably also from the saccharide, bind-
ing of the ligand is likely to be entropically driven, as previously
suggested [20]. In contrast to previously reported galectin struc-
tures, the structural change from the lactose-bound form to the A-
tetra-bound form of ACG is associated with loss of hydrogen bonds
involvingAsn46orAsn47 and formation of novel hydrophobic inter-
actions involvingAsn47, Ala49, Asn140, and Thr142. Thus, this is the
ﬁrst report that an induced-ﬁt mechanism is responsible for the
broad speciﬁcity of galectins.
Recently, a lectin microarray has been developed to identify
speciﬁc saccharides and for diagnostic applications [21–23]. The
lectins used as the probes in the array are mostly from natural
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Fig. 3. Ligand binding and conformational change of ACG. (A–C) Interaction between wild-type ACG and lactose. (D–F) Interaction between wild-type ACG and A-tetra. In
panels A and D, schematic representations of the interaction were drawn using LIGPOT+. The hydrogen bonds are shown as green dashed lines, and the distances are within
the lines. The hydrophobic interactions are shown as sun bursts. In panels B and E, close-up views of ligand-binding sites are shown. Glycans and residues that interact with
glycans are drawn as stick models and labeled. Carbon atoms of glycans are shown in white. Oxygen and nitrogen atoms of ACG and glycans are colored in red and deep blue,
respectively. In panels C and F, the unique sequence (Ala40–Asn47) and the residues that interact with this region are depicted as stick models. Carbon atoms of the unique
sequence are shown in yellow. Other atoms are colored as in panels B and E. Hydrogen bonds are depicted by black dotted lines.
Fig. 4. Flexibility of the unique sequence in the N46A mutant. 2Fo–Fc map and a
stick model of the N46A ligand-free form are shown in blue mesh (1.5r) and orange,
respectively. Ca main chains of WT-lactose and WT–A-tetra complexes are shown
as blue and red lines, respectively. Note that Ala40–Asn46 is disordered in the N46A
ligand-free form.
3624 N. Kuwabara et al. / FEBS Letters 587 (2013) 3620–3625sources; however, newly engineered lectins with novel speciﬁcities
should improve array performance. Recent site-directed mutagen-
esis studies on galectins have revealed that only slight modiﬁca-
tion of ligand-binding sites can dramatically change the
speciﬁcity of lectins [3,24,25]. In this study, we revealed the
structural basis by which ACG speciﬁcally recognizes GalNAca1–
3Galb-containing glycans. This knowledge may be useful in the
development of novel lectins that can recognize speciﬁc
saccharides.
Data deposition
The atomic coordinates and structure factors have been depos-
ited (PDB IDs: 3WG1, 3WG2, 3WG3, 3WG4).
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.febslet.2013.08.
046.
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